A prototype of a stylus probe with an interferometric transducer for surface profiling and roughness measurement was recently developed for surface texture, form error, radius, inclination and dimension measurement. A reflective cylindrical holographic diffraction grating fabricated into cylindrical shape, referred to as the 'length master', acts as the moving part governing the path length of light. The surface profile information was transformed into electrical signals using a laser diode grating interferometer to measure the rotational motion of the measuring lever. To precisely define the performance capability of the system, error analysis was performed in order to assess the potential measuring error due to imperfections in manufacturing and assembly of the system's mechanical components. The uncertainty relating to the construction of the device, geometrical features, operating environment and optical characteristics is also presented.
Introduction
Surface metrology plays an important role in precision manufacturing. Surface topography measurements can be categorized into three forms according to the characteristics of the measuring principle, namely the stylus method, optical method and scanning microscopic method. The most popular method of surface geometry measurement is the stylus profiling technique, whereby a tipped stylus is made to glide over the workpiece and derive the profile information [1] [2] [3] [4] [5] . There are three major optical methods, namely phase shifting interferometry [6] [7] [8] , differential interferometry [9] [10] [11] and heterodyne interferometry [12] [13] [14] . Scanning microscopic methods include SEM, TEM, STEM, STM and AFM. These systems have been adopted for nano-metrology [15, 16] .
In addition to measurement of surface geometry and topography, the stylus method is being actively considered for measuring important physical properties such as friction, elasticity, nano-hardness and surface energy. Using computational techniques, simultaneous evaluation and calculation of surface texture, form error, radius, inclination and dimensions can be achieved during a single traverse over the workpiece. These techniques require applying a stylus arm displacement transducer with a very high (>10 4 ) ratio of measuring range to resolution.
A stylus probe using an interferometric transducer that can be applied for surface texture, form error, radius, inclination and dimension measurement has recently been developed [17, 18] . The reflective cylindrical holographic diffraction (RCHD) grating interferometer that acts as the moving part governs the path length of light, referred to as the 'length master', is adopted instead of a laser interferometer [19] [20] [21] [22] [23] [24] [25] . The photo-detection system for capturing interference signals and the corresponding signal processing algorithms [26] [27] [28] [29] have been developed. Hundredths of micrometres of resolution and a reproducibility of several millimetres measuring range are available. The advantages of the probe are that it is compact, interchangeable among measuring devices, easy to construct and inexpensive.
In this paper, the principles of the RCHD grating and the design of the profiling stylus mechanism are briefly discussed. The principles of interference fringe transformation and frequency shifting are also reviewed. An error analysis was derived in order to assess the potential measuring errors due to the imperfections in manufacturing and assembly of the system. Various uncertainties and their effects are also discussed. 
The components and measuring principle of the system
The key components of the system are the RCHD grating, stylus mechanism, laser diode, photodiode, interference fringe transformation algorithm and signal processing circuit.
The measuring principle of the reflecting cylindrical diffraction grating
Using a reflecting cylindrical diffraction grating (RCDG) as a component of a displacement transducer necessitates a specific design for the stylus probe. Because of the special requirement of a broad dynamic measuring range for resolution for topography, the interferometric displacement measurement system employs a RCDG transducer operating according to the principle of the Doppler effect. The general concept of the stylus probe is shown in figure 1 . The measuring lever is pivoted at the knife bearing. The spring provides recovering force for the knife bearing to maintain the centring of the lever and the measuring tip induces a stylus force. The RCDG is fixed rigidly to the end of the internal portion of the lever. The centre of the axis of curvature of the RCDG is coincident with the axis of rotation of the lever. The holographic line phase reflecting grating fabricated on the surface of the cylinder performs as the length master for the displacement transducer. Ideally, in the simplified RCDG grating coordinate, the RCDG grating lines should be parallel to the axis of the cylinder as shown in figure 2 .
The grating is illuminated by the laser diode. The laser diode adopted in this study has a peak wavelength of 650 nm and 5 mW power. Through a beam splitter, the ±1st-order diffraction beams are superimposed onto a linear array of a photo-detector. As the measuring tip glides over the surface being tested, the stylus probe is displaced by a distance equivalent to the change in height. The variation in height of the measuring profile results in the rotation of the lever, so the grating lines move in the direction perpendicular to the axis of the laser beam. Therefore, the grating line surface illuminated by the laser is always perpendicular to the axes of the cylinder and the laser beam. Thus, the grating can be treated as a flat surface mathematically.
A frequency shift of the ±1st-order diffraction beams according to the Doppler effect will occur as soon as the tip moves. The actual frequencies of the two diffraction beams can be derived as
where f 0 is the frequency of incident light, f +1 is the frequency of the +1st-order diffraction beam, f −1 is the frequency of the −1st-order diffraction beam, v is the vertical velocity of the measuring tip and grating and d g is the grating constant. Thus, the interference fringes created in the photo-detector array move also because of the beating frequency,
The magnitude of the beating signal received by each element of the photo-detector array can be obtained as
where t is time and the upper limit of integration is the beating signal period T , 4π z/d g is the phase shift due to the beating signal when the Doppler effect occurs and I 1 and I 2 are the magnitudes of the dc and ac terms of the received signal, respectively. The drift velocity of the fringe is proportional to the vertical velocity of the measuring tip. Alteration of the fringe by one period alters the beating signal for a cycle. The phase shift for a cycle is equal to 2π and the relationship of the signal and variation in geometry can be expressed as
Thus, the displacement of the grating due to the movement of the measuring tip and the quantities of pulse due to the phase shift from the beating signal are correlated as z = d g /2.
As a result, a signal with two sine-wave periods per grating pitch is obtained from each element of the photo-detector array. The photo-detector array then converts the interference fringe pattern into a set of four sinusoidal signals that are differing in phase by π/2 relative to each other along the direction of motion detected. With appropriate signal processing circuits, the displacement can thus be appropriately measured and quantified by counting the fringe drifting and calculating the interpolation value of the sinusoidal signals to deduce the profile of a workpiece. A flow diagram of the signal processing is shown in figure 3 . . A schematic diagram of the stylus mechanism: 1 is the stylus, 2 is the lever, 3 is the RCHD grating, 4 is the leaf spring, d s is the leaf spring offset distance, F is the stylus reaction force, g is the gravitational constant, K is the leaf spring constant, L 1 is the fore end length of the lever, L 2 is the rear end length of the lever, m i is the mass of the component i (i = 1-3), θ is the CW rotational angle of the lever and α is the inclination of the measuring surface along the direction of the measuring path.
The design of the stylus mechanism
The requirement of a steady reaction force and robust dynamic characteristics of the profiling stylus mechanism is important. The measuring tip should surely come into contact with the surface being measured throughout a measurement. A reactive stylus force is used as a special design feature for the probe mechanism, as shown in figure 4 . There are three constraints that should be satisfied.
(i) The natural frequency of the system should be greater than the vibrational frequency of the lever during a measurement. (ii) The stylus force should satisfy the international standard [30] . (iii) The eccentricity of the bearing should be minimized.
To achieve excellent centring of the bearing, the specific knife bearing method is adopted for the design of a pivot, as shown in figure 5.
The RCHD grating
The RCHD grating acts as the length master instead of the wavelength of the laser. For the manufacturing of the RCHD grating we adopt a holographic technique to fabricate it, which can provide phase modulation, so that the regularly distributed interference fringe pattern is introduced as the projecting image for the emulsion on the cylindrical substrate [19] [20] [21] . The setting up and exposure of the interference fringe pattern is shown in figure 6 .
The photo-detection system
A photo-detector is a sensor that converts optical energy into electrical energy via the photoelectric effect. In this study, a photodiode array is used to detect the interference fringe pattern. The distribution of the amplitude of illumination in the interference pattern along the direction perpendicular to the fringe is sinusoidal and should be tuned to fit the size of the photodiode element. To get output signals in orthogonal sinusoidal waves, the geometry of the photodiode Figure 7 . The scheme of the photo-detector system: ε is the illumination offset, A is the amplitude of the alternating signal, a p is the distance between photodiodes, d f is the fringe constant, g p is the gap between two adjacent photodiodes and f is the difference between frequencies of interfering orders +1 and −1.
array elements is that they are placed relative to the interference patterns in such way, shown in figure 7 , that photo-detector element PD 1 detects fringe of the first order of interference.
Under the assumption that d f = 4a p (the fringe constant is quadruple the photodiode's), the output current of each photodiode is proportional to the optical power received by each element. The photo-detector array converts the interference fringe pattern into a set of four sinusoidal signals with a phase difference of π/2.
The principle of diffraction for analysis of displacement
The major characteristics of grating interferometers that adopt diffraction gratings as length master are that they are insensitive to deviations in grating wavelength, provide a proportionally large fringe displacement relative to the actual displacement of the grating and operate independently of variations in wavelength of the light source.
When the light source encounters a rigid moving object with velocity, v, the Doppler effect of the light that is scattered by the surface of the rigid body will occur. The Doppler frequency shift of the scattering light f can be derived as
where c is the velocity of light, v is the velocity of the scattering surface, α 1 is the angle between incidence and the velocity of the scattering surface and α 2 is the angle between the velocity of the scattering surface and the observer. The diffraction grating is used as length master for displacement measurement based on the Doppler effect of the scattering surface. Multi-frequency shifting of each order of diffraction will occur as soon as the diffraction grating moves, as shown in figure 8 .
According to the Doppler effect, the frequency at point A can be determined as where θ i is the angle of incidence and v is the velocity of the diffraction grating. The qth-order frequency of reflecting diffraction is derived as
where q is the order of diffraction; ϕ q is the diffraction angle of the qth order. Neglecting higher order terms yields
Using the grating equation, one derives
The Doppler frequency shift of the diffraction grating can be derived as
Apparently, the Doppler frequency shift of the diffraction grating is proportional to the relative velocity of the grating v, the order of diffraction q and the reciprocal of the grating constant d g . Contrary to the usual opinion, the frequency shift is independent of the wavelength and direction of incidence.
Error analysis
In previous sections, the theoretical concept and design of the system developed were discussed. The performance of this system depends on the quality of the processes used to manufacture and assemble the components of the system. Any imperfection in manufacturing and assembly will cause errors when the stylus probe system is used. The measuring error is defined as the difference between a measurement and the true value. It occurs due to various factors, thus those factors should be analysed and controlled in order to minimize the measuring error.
Geometrical analysis

The influence of the symmetry of the mechanism.
The imperfection and asymmetry of the geometrical parameters of the profiling head mechanism will induce measurement error. Thus, the parameters should be evaluated for error analysis. The mechanism with each parameter is shown in figure 9 . The tip moves from A to A when the lever rotates by θ and the following geometrical relationships can be derived:
1/2 (12)
Observing point A yields
The vertical displacement of the stylus tip, z, can be derived as
The path of motion of the grating, s, can be expressed as
Thus, the angle of rotation θ can be derived as
Substituting (17) into (15) The sensitivity of the vertical displacement z with respect to the deviation of each parameter can be expressed as
The relationship between the movement of the grating and stylus displacement can be drawn as shown in figure 10 with the following assumptions: e 1 = 3 mm, −0.05 mm < e 2 < 0.05 mm, −4 mm < s < 4 mm and L 1 = L 2 = 50 ± 0.1 mm. The result shows that, as R 2 → 1, the non-linearity would probably be too infinitesimal to be discerned. By calculating the fitting residual and magnifying it by a factor of 1000 (in units of micrometres), the ideal nonlinearity due to asymmetry of the mechanism can be presented; see figure 11 .
By adopting Taylor series, equation (18) can be modified into
Because the desired resolution is 25 nm, the difference between the non-linearity of the simplified power series z(s) and the ideal non-linearity should be less than 25 nm. The least order power series should be of third order and the maximum difference between the ideal case and the third-order approximation is about 5 nm. The differences between the ideal non-linearity and each order approximation are shown in figure 12 .
The influence of an inaccurate grating guide.
While the grating moves along the direction of measurement, the inaccuracy of the grating guide causes additional shifts and tilts. These additional displacements are caused by the misalignment of the interferometric profiling head. Figure 13 shows the components of the undesired grating movement separately. The influence of each undesired shift and tilt is discussed in following subsections. Both the displacement of the grating along the x direction and the tilt of the grating around the z-axis do not affect the interference fringes; therefore, they are not analysed.
The influence of displacement in the y direction.
The horizontal displacement, ε 2 , due to the rotation of the lever θ can be derived as
The optical path changes are shown in figure 14 , where ε = ε . Because the parameters e 2 , L 2 and ϕ are constant, the horizontal deviation, ε 2 , can be treated as a function that linearly depends on the rotation θ . The fringe drift in the photo-detection system can be calculated as Thus, the phase drift, d , of sinusoidal signals can be derived as
where a p is the distance between photodiodes. The phase drift due to misalignment of the mechanism linearly depends on the rotation of the lever θ. For example, if L 2 = 50 mm, e 2 = 0.05 mm, ξ 2 = 10
• and θ = 10
The influence of tilt around the x-axis.
The tilt of the grating by the angle α around the x-axis changes the half angle of interference by
The magnifying factor, 1/K, can be expressed as
where λ is the wavelength of the incidence and f z is the spatial frequency.
When the grating displacement is half the grating constant, z = d g /2, the fringe drift z would be a period of the fringe constant and can be derived as
The plane of the interfering wave vectors does not change. Thus, a change to the angle χ yields a relative change to the fringe constant derived as
and hence
where δ is the change in fringe constant and χ is the change in the angle of interference. The influence of the tilt changes the fringe constant, which means that non-orthogonality would occur in the sinusoidal signals received by the photo-detection system.
The influence of tilt around the y-axis.
Tilts of the grating around the y-axis by angle β cause a similar tilting of the plane of interfering wave vectors. This tilt will also cause a deviation from orthogonality. As a result, fringes change their direction by the same angle β. Thus, the tilt of the fringes received by the photo-detection system as an increase of the fringe constant along the axis of the photo-detector is
For example, if β ≈ 2
The effect of temperature
Although the length master used in this study is the grating constant instead of the wavelength of the light source and the quality of the laser is theoretically unimportant, the deviation in wavelength from the light source actually causes an error. According to figure 2, the normalized optical path difference (opd) can be derived as
Thus, the temperature sensitivity of opd can be derived as
(32) According to the grating equation, the following relationships can be derived:
where m is the phase modulation factor. 
Thus, the normalized optical path difference can be expressed as
opd is linearly dependent on the temperature difference T . If w 1 = w 2 , the opd will be insensitive to the temperature deviation. However, there is a slight difference between these two dimensions, so an influence of the temperature deviation on opd is inevitable. To test the influence of the temperature deviation, a stability experiment was performed with three situations: temperature control, an increase in temperature and a decrease in temperature.
The stability test for temperature control was performed in a constant-temperature, T = 20
• C, environment. The results are shown in figure 15 . The stability test for an increase in temperature was performed in a common airconditioned laboratory from morning to afternoon. The results are shown in figure 16 . The stability test for a decrease in temperature was performed in a common air-conditioned laboratory from afternoon to evening. The results are shown in figure 17 .
It is observed that there would be a deviation of less than ±50 nm under temperature control. This also means that the deviation of the system would be less than ±2 bits in 16 subdivisions. In a common air-conditioned laboratory, there would be 1 µm drift caused by a temperature deviation (of ±1.5
• C) over 10 h.
Variation of the fringe constant
The influence of the deviation from orthogonality caused by a change in fringe constant that can be detected by the photo-detection system is discussed in this section. As mentioned earlier, several parameters affect the fringe constant and the influence caused by the change in fringe constant is measurable. When the fringe constant does not satisfy the assumption d g = 4a p , the general form of the two output sinusoidal signals can be derived as 
Conclusions
The development of a prototype of a stylus probe with an interferometric transducer for surface profiling and roughness measurement is briefly presented. Analysis of the geometrical errors and asymmetry of the mechanism was conducted. The uncertainties arising from the construction of the device, geometrical features, operating environment and optical characteristics were also presented.
To enhance the precision of the system, the influence of error factors should be properly reduced and controlled. MEMS technology could be adopted to produce an equivalent radial grating instead of the RCHD grating. Polarizing components could also be adopted in order to ensure the orthogonality of sinusoidal signals. The deviation from orthogonality can be compensated by use of a software algorithm. If the inducements of the errors could be eliminated to infinitesimal, the resolution, linearity and stability of the system could be ensured.
